The nature of free radicals (atoms or molecules with one or more unpaired electrons), particularly those with a very short life span and high reactivity, has made direct measurement in human subjects especially difficult. This difficulty has led to the development of many different methods for the measurement of free radical activity indirectly by their effects on biological systems, e.g. by measuring products of free radical attack on macromolecules, or by their effect on the antioxidant defence system. An in-depth examination of all methods is beyond the scope of this review. We have attempted to highlight the key references for each method group with a brief explanation and to provide such information on limitations, interferences and reference ranges as is available. More detailed enquiry into a method is possible from the key references. Why then should the reader of the Annals of Clinical Biochemistry be interested in free radicals and antioxidants? It is likely that the clinical biochemist of the future will be undertaking measurements of free radical activity and antioxidants because of greater knowledge of their involvement in cardiovascular, neurodegenerative and chronic inflammatory disease and cancer, as recently reviewed in a series of articles in the Lancet, \ and in the Annals of Clinical Biochemistryl It is likely also, that therapies based on our knowledge of free radical processes will emerge and be used in clinical practice. (For an analysis of vitamins with antioxidant functions see Bates.') This review discusses electron spin resonance (ESR) and then the numerous methods which have been used to determine lipid peroxidation. Much of the review concentrates on the latter area because it has been applied widely in biomedical free radical research. Methods measuring damage or change to other molecules are then reviewed, either those molecules with a variety of physiological functions or those thought to be present as specific antioxidants.
The interpretation of changes or damage to macromolecules such as lipids, or changes in antioxidants, may not necessarily be as straightforward as for those observed in the more routine aspects of clinical biochemistry. Caution is even more important when interpreting changes in the antioxidant enzymes. The inference that such changes are due to variations in free radical activity often cannot be proven. Measurement of antioxidants and the antioxidant enzymes will provide evidence of susceptibility to free radical reactions and thus complement those methods in which molecular damage or chemical change are determined. Such combinations of assays are likely to be of greater value when attempting to assess free radical activity.
DIRECT MEASUREMENT OF FREE RADICALS
ESR is often presented as the 'gold standard' analytical technique for the identification of free radicals. When present in a magnetic field, the unpaired electron of the free radical can occupy one of two energy states. The amount of the splitting of the two energy levels depends on the strength of the applied magnetic field. By applying electromagnetic radiation of a certain energy, the electron can move from the lower to the higher energy level. This absorption of electromagnetic radiation (analogous to spectrophotometry) is recorded in the form of a firstderivative spectrum, i.e. the rate of change of absorption of the electromagnetic radiation. For a useful introductory reference to the subject see Swartz andSwartz," A useful technique in ESR is to 'trap' highly reactive and short-lived free radicals using nitrones or nitroso compounds. The spin trap reacts with the free radical to form Hydrogen abstractioñ COOH a more stable radical adduct. Unfortunately, this method has a very limited place in the analysis of specimens from patients. The problems associated with spin trapping oxygen-centred free radicals in biological systems are in correlating the measurements with cellular injury and were reviewed by Pou et al? and Rosen and Halpern." respectively. ESR analysis is a much more useful and applied technique with in vitro systems. Table 1 outlines those molecules which are subject to free radical damage or change, the result of which can be utilized to assess free radical activity.
Lipid peroxides and breakdown products
Free radical attack on polyunsaturated fatty acids in biological systems is thought to produce the sequence of reactions shown in Fig. I resulting in the formation of both conjugated dienes and lipid hydroperoxides.
Lipid hydroperoxides break down in the presence of iron or other metal complexes to form aldehydes, e.g. malondialdehyde (MDA), via the formation of cyclic peroxides and endoperoxides. Hydroperoxides can also decompose in the presence of lower oxidation state metals (Fe2+) which catalyse fJ-scission of alkyl radicals which may then abstract a hydrogen to form ethane or pentane. The most common approach to the measurement of free radical activity is to measure the end products of lipid peroxidation. The most commonly applied test is the thiobarbituric acid reaction (TBA) for the measurement of MDA, either directly in plasma or following hydrolysis at acid pH which 
Thiobarbituric acid reaction
The first biological application of the TBA reaction was by Kohn and Liversedge in 1944 7 who observed that brain tissue incubated aerobically produced a colour with 2-thiobarbituric acid. Berheim el al. x found this colour to result from the formation of a complex between oxidation products of unsaturated fatty acids and TBA, whilst Sinnhuber et al.' showed that the pigment which was produced resulted from the condensation of 2 moles of TBA with I mole of MDA ( Fig. 2) . Dahle et ulY' and Pryor et al. II proposed a mechanism for the TBA reactant formation from methylene interrupted Some MDA is formed by the breakdown of lipid peroxides in vivo in the presence of iron and copper complexes. Attempts at direct measurement of MDA by high-performance liquid chromatography (HPLC) methods have been unsuccessful because of spectral interference, 12 or because free MDA was undetectable.!' Protein precipitation and acidification with perchloric acid followed by the TBA reaction (30 min at 100"C) and HPLC measurement, produced free plasma MDA concentrations of 0·043 [(0·007) standard error of mean (SEM)] j.lmol/L. 14 In the TBA reaction, heating of the specimen at acid pH results in the breakdown of lipid peroxides to form MDA and the release of MDA from protein adducts.lv" However, TBA is known to react with various compounds other than MDA, e.g. bilirubin, biliverdin, and haem containing substances," 19 and MDA may be formed without there being free radical damage to lipids, e.g. during the formation of prostaglandins. 2o . 2 1 The term thiobarbituric acid reacting substances (TBARS) is often applied to the measurement of lipid peroxides by the thiobarbituric acid reaction and is sometimes used interchangeably with MDA. It has been sug-gested that TBARS be used when referring to less specific methods, such as colorimetric and f1uorimetric methods, whereas MDA be used when referring to HPLC methods which specifically measure the MDA-TBA adduct.lv'?
Yagi et al. 22 proposed that lipid peroxides be isolated from other TBA-reacting substances by precipitation of lipids and serum proteins using phosphotungstic/sulphuric acid mixture and detection of lipid peroxide by the TBA reaction in acetic acid, with absorbance measurement at 532 nm. This method required at least 1·0 mL of blood. Slater and Sawyer-' described a method of lipid peroxide measurement in liver homogenates which was modified for serum measurements by Satoh.i" who removed interference produced by sialic acid by adding sodium sulphate. Using MDA standards this method was linear up to 21·2 j.lmol/L, within assay coefficient of variation (CV) was 3·3% and between assay 7·3%. Mean recovery of added MDA was 97-4%.
Asakawa and Matsuchita." using a similar method, estimated that I mole of MDA may represent about 20-50 moles of lipid peroxide. A commercial assay kit for the measurement of lipid peroxides, the LPO-586 method, has recently been released by OXIS International SA (Bonneuil Sur Marne, France). It does not use TBA but an unspecified chromogenic reagent which is said to form a stable chromophore with 4-hydroxyalkenals (including MDA) at a reaction temperature of 45°C with an absorbance maximum at 586nm. It may also be adapted to measure MDA specifically. It is claimed to be less affected by interference and more reproducible than the TBA reaction.
Yagr" improved on the specificity and sensitivity (Hl-fold) of the colorimetric assay by extracting the coloured product into n-butanol and measuring it in a fluorimeter with an excitation wavelength of 532 nm and emission wavelength of 553 nm. Sialic acid was found not to interfere if acetic acid was used in place of trichloroacetic acid. Reference values for plasma were 3-42 (0'94) /lmol/L and were age and sex dependent.
Richard et al. 27 evaluated a commercial kit for lipid peroxide assay by a f1uorimetric method (Sobioda, Grenoble, France). The detection limit was 0·11 /lmol/L, recovery of added MDA was 88-100%, within assay CV <3·5% and between assay CV <4·5% and the assay was linear up to 60 /lmol/L. Butylated hydroxy toluene (BHT) was added to limit in vitro lipid peroxidation.
o o
Red-coloured product • Note: Reference ranges apply only to the laboratory in which they were determined. tetraethoxypropane (TEP) standards. The calibration of these assays is complicated in that MDA is unstable. Therefore it has to be prepared immediately before assay by the hydrolysis ofTEP. 35 In practice, this means that TEP solutions are treated in the same way as samples. The reaction is usually stopped by plunging the reaction tubes into iced water. Differences in reference values with similar methodology (see Table 2 ) can possibly be explained by variations in reaction conditions such as time (reaction with TBA may continue after 60 min), temperature (other authors use 90°o r 95°C) and pH. But perhaps more important is the difference in the concentration of transition metals in the reagents. The importance of iron salts and metal chelators in the TBA test has been highlighted by Gutteridge and Quinlan."
Lipid peroxide (MDA) concentration of plasma increases during storage." Young and Trimble!' stated that storage was satisfactory for only 10 days at 4°C, 3 weeks at -20 DC while for long-term storage, -70°C is more suitable. Nielsen et al. 34 reported plasma (EDTA) samples to be stable at -80°C for 6 months and Stringer et al.,7 using Yagi's fluorimetric assay, reported plasma samples to be stable for up to 3 months at -20°e. Lee 39 and Hendriks and Assman''" demonstrated an increase in TBA reactive substances on storage that was reduced if EDTA and glutathione were added to the sample. Knight et al. 4 1 demonstrated also that the lowest concentration of MDA was obtained using EDTA anticoagulated plasma compared to serum and other anticoagulants. This finding may be explained by the fact that lipid peroxides are released by platelets during clotting and Reference values were 2·51 (0·25)Jl.mol/L and there was no significant sex difference.
To improve the specificity of the measurement of the MDA-TBA adduct, several methods have been developed using HPLe. Lower values in plasma are obtained when compared to colorimetric or fiuorimetric methods because the non-MDA contaminants are separated out during the chromatography stage (generally using a uBondapak C18, Spherisorb ODS or similar column and isocratic elution with a methanol/ phosphate or methanol/water mobile phase). Wade et al. 28 used an ion pairing agent (cetyltrimethylammonium bromide) but had to perform a preliminary separation on DEAEcellulose followed by solvent extraction. Nakishima et al. 29 reported that the 1,3-diphenyl-2thiobarbituric acid derivative of TBA gave the best separation, but samples required treatment with acetonitrile-pyridine before HPLe. Therasse and Lemonnier-" used diethyl-TBA, 0·1% ethanolamine/acetonitrile mobile phase and also had to extract into ethyl acetate before HPLe. Wong et al. 3 l neutralized and precipitated plasma proteins with methanol/NaOH after the TBA reaction. Tatum et alY included 0·02% butylated hydroxy toluene (BHT) in the TBA reaction to minimize artefact formation. They detected the MDA-TBA adduct f1uorimetrically to increase sensitivity to the picomole level, whilst Young and Trimble.P using similar assay conditions to those of Wong," but with f1uorimetric detection, have produced a relatively simple, specific and sensitive HPLC assay (detection limit 0·05Jl.mol/L) for MDA measurement in plasma. More recent work, utilizing a modification of the method by Wong et al." in which reference intervals were established for a group of 213 individuals (107 men, 106 women), found an independent effect of gender on plasma MDA. 34 The authors found large within-subject and day to day variations in plasma MDA and suggested that: The potential of P-MDA as a biomarker for individuals is questionable'. They did indicate, however, that on a group basis MDA was a potential biomarker of oxidative stress. Examples of reference ranges obtained by HPLC determination of the MDA-TBA adduct are shown in Table 2 .
Wong et al. 3 l found that the optimum conditions for the TBA reactions were: TBA concentration 7'Ommol/L; phosphoric acid OA4mmol/L; and that 60min at 100°C were required for maximum reaction with plasma, although only 30 min were required for 1,I,3, 3- ides. This caused a 90-95% reduction in colour production. Concentrations of conjugated diene and TBARS concentrations were not influenced by this treatment. Ascorbic acid (100 J.lmol/L) interfered in the assay causing a 20% increase and uric acid at the same concentration caused a 6% increase. Development has been carried out to obtain an assay more suited to the detection of lipid hydroperoxides present in plasma.F-" although the assay does not seem to have been widely adopted.
Volatile hydrocarbons
The formation of volatile hydrocarbons constitutes one of the major metabolic pathways of lipid hydroperoxides, in vivo (Fig. 3 ). The peroxidation of omega-3 and omega-6 unsaturated fatty acids leads primarily to ethane and pentane, respectively, which are then either metabolized by hepatic mono-oxygenases or are excreted via the lungs.t? Although measurement of either compound has been used to assess lipid peroxidation, it is preferable to determine both. Analysis of breath hydrocarbons is usually carried out using gas-liquid chromatography utilizing a flame-ionization detector. In addition, most workers concentrate the breath hydrocarbons either by using an adsorption/desorption method, or by a cryofocusing technique. Concentration of the hydrocarbons results in improved accuracy and precision. In the published literature there is considerable variation in normal breath pentane concentrations," which in part may have been due to the failure to resolve isoprene from pentane in some assays. 50 Calibration is carried out using gas mixtures, which can be prepared to produce different concentrations. The major advantage of determining breath hydrocarbons as a measure of lipid peroxidation is that it is a sensitive and Iodide and ferrous ion oxidation The iodometric measurement of lipid peroxides is based on iodide ion reduction of lipid hydroperoxides with the concomitant oxidation of iodide to triiodide complex which is measured spectrophotometrically. The specificity of the assay is improved by back titrating the triiodide complex to iodide with sodium thiosulphate. Although this method involves many different analytical steps it has been applied to human plasma specimens.f The method of Jiang et al. 45 for measuring lipid peroxides in lipoproteins and liposomes was based on a method originally described by Gupta," in which peroxide mediated oxidation of Fe2+ to Fe H occurs under acid conditions. In the presence of xylenol orange, Fe H forms a coloured complex which has an absorption maximum at 560 nm. Hydrogen peroxide and linoleic hydroperoxide were used as standards and from the extinction coefficients it was estimated that approximately 3 moles of Fe H are formed per mole of hydroperoxide. Specificity was demonstrated by pre-treatment with glutathione peroxidase which removes perox-possibly because of chelation of transition metals by EDTA thus preventing their enhancement of the TBA reaction. Wong et al," demonstrated that haemolysis in the sample caused interference in the measurement of MDA. Blood samples therefore should be collected into EDTA anticoagulant, the plasma separated as soon as possible and if the samples are to be stored for longer than 3 weeks, preferably kept at -70°C. There is no clear consensus for adding a free radical scavenger, e.g. glutathione or BHT, to the samples. However, recently published work has indicated that it may be beneficial to add BHT before measuring TBA reactivity.V-" BHT was included to prevent 'amplification' of peroxidation during the TBA assay; peroxide decomposition products may initiate peroxidation of lipids present in the specimen, thereby amplifying the measurement. A concentration of 3 mmol/L of BHT was required to prevent artefact formation. 4 ] In the authors' experience, one important source of variation when blood specimens are collected into EDTA is the effect of haemoglobin. As much as 60% of the MDA measured can be due to the presence of haemoglobin in specimens below the concentration at which haemolysis is visualized (unpublished observations). BHT does reduce such interference. non-invasive investigation, but the presence of ethane and pentane in air and the unreliability of the test in smokers, reduces the likelihood of this measure of lipid peroxidation being used clinicall y.
Other measures of lipid peroxidation
Cholesterol oxidation products have been investigated as possible markers of lipid peroxidation. The major product of cholesterol oxidation is cbolest-L'i-diene-j-one;'! other products include cholesterol rx-and fi-epoxide, 7-ketocholesterol and 25-hydroxycholesterol. Arshad et al. 52 modified the methods of Addis et al. 53 and Subbiah et al. 54 to identify and measure products of cholesterol oxidation.
Recently, a series of prostaglandin Frlike compounds (Frisoprostanes) have been identified and measured in human urine.P These compounds are formed by the peroxidation of arachidonic acid, independently of cyclo-oxygenasc, and have been shown to be elevated in the plasma of smokers. 56 Analyses of these compounds were carried out using stable-isotopedilution mass spectrometry. Since this group of compounds is believed to be a superior measure of lipid peroxidation it is possible that other methods of measurement of these compounds will become available.
A commercial kit (Kamiya Biomedical Co), has been introduced which measures plasma lipid peroxides by utilizing haemoglobin catalysis of the reaction between hydroperoxides and IO-N-methylcarbamoyl-3-7-dimethylamino-IOH-phenothiazine to methylene blue. The authors have noted that an increasing number of research groups are now using this method although a critical analytical evaluation of the method has not been reported. Possible reasons for the increasing use of this method are: the chemistry of the reaction is very different from the TBA reaction; and the two methods are used to corroborate each other as well as the fact that purchase of a kit entails far less development work.
CONJUGATED DIENES
Free radical attack on polyunsaturated fatty acids causes re-arrangement of the double bonds to form the conjugated diene structure shown in peroxidized lipids are characterized by an intense peak at 233 nm, with a shoulder due to ketone dienes at 260-280 nm.
Measurement of conjugated dienes as a marker of free radical activity was used by Recknagel et al. 57 . 5x who extracted lipids with solvent from peroxidized rat liver microsomes and scanned between 220 and 300 nm. Results were expressed as absorbance units at 233 nm. Lunec et al. 5 '!, 611 applied the technique to serum and synovial fluid. Within and between-assay CVs were 3·8% and 9,6%, respectively. Using this technique Jennings et al. 6 1 reported that samples for conjugated diene measurement were stable for at least 4 weeks at -20 ue.
The main difficulty with diene conjugate measurement in biological materials is the high background absorption at 230-235 nm due to polyunsaturated fatty acids and breakdown products of lipid peroxides as well as haem proteins, purines and pyrimidines. Corongiu and Milia 62 improved the resolution of the conjugated diene peak using second derivative spectroscopy. Situnayake et al. 63 applied this technique to heptane extracts of plasma and plasma phospholipid esterified fatty acids released by phospholipase A2 treatment. They found that samples were stable for at least 5 months at -70'T. Within and between-assay CVs were less than 6% and 10%, respectively. A good correlation (r = 0'82) was obtained with conjugated diene measurement by UV absorbance at 245 nm following Folch 64 extraction and there were significant correlations with plasma total cholesterol and triglyceride (this was also shown by Jennings et a/.6l). It is suggested therefore that total conjugated dicne concentration in plasma be corrected for lipid concentration. The measurement of diene conjugation by UV spectrophotometry does not give information about the compound(s) being measured other than the conjugated diene bond structure. Iversen et al. 65 demonstrated that over 95% of diene conjugation in human serum, tissue fluids and tissues is due to a single isomer of linoleic acid; octadeca -9 (cis), II-(trans)dienoic acid. This was confirmed by Situnayake et al. 63 using derivative spectroscopy and HPLe. This isomer is present in esterified form in all lipid classes. Iversen et al. 66 described a method for its measurement which involved phospholipase A2 treatment to release phospholipid esterified fatty acids followed by solid phase sample preparation (Bond elut column) and finally HPLC separation. Results were expressed as a molar ratio of the 9, II isomer to the parent 9,12 linoleic acid. Recovery of 90% was achieved, within-assay CV was less than 5% and the assay was linear to at least 250 )1mol/L. An internal standard was incorporated into the assay, octadeca -9 (trans), II-(trans)-dienoic acid, a non-biologically occurring isomer. The serum reference range for the 9 (cis), II (trans) isomer was 10,2-39,6 )1mol(L. Correlation coefficients with total conjugated dienes and phospholipid conjugated dienes (by UV absorption at 245 nm) were 0-47 and 0·77 respectively. Diene conjugation measured by UV absorption has been widely used as a measure of free radical activity. However, there are doubts about the specific measurement of the linoleic acid 9, I I isomer as an index of free radical activity; first because of the non-peroxide nature of the molecule; secondly because of its isomeric specificity; and, finally, because of the failure of Thomson and Smith"? to increase the concentration of this isomer either in vitro using both UV irradiation and phenylhydrazine or in vivo using bromotrichloromethane and phenylhydrazine to induce lipid peroxidation in rats. In addition, the 9,11 isomer may also arise from ingested food."
PROTEINS AND THIOLS
Proteins are important in the defence against free radicals because of the specific binding of transition metals, thereby reducing free radical generation, but also because of the availability of sulphydryl groups on the protein surface. Proteins can also be damaged by free radical attack with many consequences for their subsequent function. Free radical damage to proteins includes site specific damage at metal binding sites and attack on aromatic amino acids, cysteine and disulphide bonds, as well as fragmentation, cross-linking and aggregation.
A characteristic result of free radical attack on protein is autofluorescence. Peroxidation of fatty acids bound to human serum albumin results in production of ft.uore~ent chromophores with an excitation maximum at 350 nm and an emission maximum at 425 nm. 69 Site specific damage at metal binding sites can be measured by fluorescence of the modified protein: excitation 350 nm and emission 440nm. 70 Lunec" and Wickens et a/. n demonstrated that low intensity UV light could produce free radical mediated damage to human immunoglobulin G (IgG) which could be detected by fluorescence. The oxidation of aromatic amino acids of IgG to kynurenines has been monitored by changes in fluorescence with HPLC resolution. In analyses of synovial fluid, serum and IgG samples, fluorescence detection of the free radical altered IgG prod ucts has been reported." Calibration of such methods is based on arbitrary ft.uorescence units. Fluorescence of modified albumin and IgG has also been measured in serum samples by HPLC. 74 Modification of other amino acids, e.g. methionine, histidine, cysteine, proline and lysine has been reported by Wolff et al. ' ?
Introduction of carbonyl groups into amino acid residues of proteins is also a hallmark of oxidative modification. Reaction of these with carbonyl-specific reagents (tritiated borohydride or 2,4-dinitrophenylhydrazine) provides methods for detecting and quantifying metal catalysed oxidation." These methods are mostly applicable to purified protein but have been studied also using crude extracts, although there is then a problem with specificity.
Wolff and Dean" demonstrated carbonyl group generation, changes in fluorescence, increased susceptibility to proteolysis and enzyme hydrolysis following free radical induced protein damage. Pacifici and Davies," using a variety of analytical methods, demonstrated also that protein degradation can be used as an index of oxidative stress. They reported that altered amino acids, changes in secondary, tertiary or quaternary structure, increased susceptibility to proteolysis and increased hydrophobicity were measures of damage.
DEOXYRIBONUCLEIC ACID
Free radical damage of deoxyribonucleic acid (DNA) via hydroxyl radical attack can result in altered DNA bases." Specific assays have been employed to measure the excretion of such compounds as 8-hydroxydeoxyguanosine (8-OHdG) in human urine specimens. 79 The performance of a recently published method, employing coupled-column HPLC with electrochemical detection (ECD), indicated that within and between coefficients of variation of 24% and 23%, respectively, were obtained at the lowest concentration of 8-0HdG (7-43 nrnol/L) examined in specimens of human urine (healthy individuals, mean 9·1 (3·7)nmol/L).Rl Results were expressed also in units of 8-0HdG umol per mol of creatinine. The additional measurement of urinary creatinine will result in precision figures which are likely to be worse. However, a GLUTATHIONE Glutathione (GSH), a substrate for glutathione peroxidase, plays an essential protective role against the effects of reactive oxygen species and a decrease in intracellular GSH is an early consequence of oxidative stress. Oxidation of GSH to glutathione disulphide (GSSG) may also result in formation of mixed disulphides with sulphydryl groups in proteins. Mixed disulphides (expressed as GSH equivalents) can be measured as ophthalaldehyde reactive material released from precipitated protein after reduction with borohydride.?" Protein sulphydryl groups may be measured by other reactions, e.g. 5,5-dithiobis-2-nitrobenzoic acid (DTNB). 91.2 There are a number of analytical problems with glutathione measurement. When released into the bloodstream GSH and GSSG have a half life of less than 2 min. GSH is rapidly auto oxidized to GSSG and there is formation of mixed disulphides. Red blood cells have more than a hundredfold higher concentration of GSH than plasma, therefore haemolysis has a significant effect on plasma measurements.
The ratio of the concentration of GSSG to GSH can be a useful indicator of oxidative stress and enzymatic measurement of both GSSG and GSH can be achieved using a glutathione reductase cycling method. The reduction of GSSG to GSH is catalysed with the concomitant oxidation of NADPH to NADP. The reaction can be followed by reacting the GSH formed with Ellman's reagent (DTNB) or following the decrease in absorbance due to NADPH at 340 nm. Total and oxidized glutathione are measured individually by adding N-ethyl maleimide 9H 4 or 2-vinyl pyridine 95 .% to fresh whole blood to remove GSH from the reaction. The concentration of GSH can then be calculated as the difference between oxidized and the total glutathione levels. 
ANTIOXIDANTS URIC ACID

SALICYLATE HYDROXYLATION
The term antioxidant has been defined by Gutteridge and Halliwell as 'Any substance that delays or inhibits oxidative damage to a target molecule'. Table 3 outlines the various antioxidants, including enzymes, that have been reviewed. It should be emphasized however, that many of these compounds and enzymes work in concert to provide protection against radical reactions.
The direct measurement of the hydroxyl free radical in biological systems is extremely difficult because of its great reactivity. However, quantification of the reaction products formed between the hydroxyl radical and salicylate has been carried OUt. 86.R7 Low plasma concentrations of the hydroxylated products, 2,3-and 2,5-dihydroxy benzoic acids, found in patients taking aspirin, were measured using an HPLC method with ECD. Currently, 2,3-dihydroxybenzoic acid is thought to be a specific marker for hydroxyl radical activity in vivo. 89 Although such research is promising, much more work remains to be carried out before such an assay is of clinical value.
Ames et al. 82 demonstrated that free radical attack on uric acid generates allantoin. Other products of free radical attack on uric acid include oxonic acid, oxaluric acid, cyanuric acid and parabanic acid. R3 It has been shown that ozone also oxidizes uric acid with allantoin as the major product.f Uric acid in plasma ultrafiltrate can be measured by HPLC on an S5 ODS column with ECD, but allantoin measurement requires collection of the column eluate followed by derivatization with 2,4dinitrophenylhydrazine and HPLC with ECD or spectrophotometric detection." No information was presented with regard to assay sensitivity or precision, however, a reference range of 14·1 to 25-4JLmol/L was stated with the assay being linear up to 30 JLmol/L. far clearer understanding of DNA oxidative attack and repair in vivo is required before such assays are likely to be used routinely.
Reed et al.'J7 measured GSH, GSSG and other thiols and disulphides by making derivatives of the free thiols with iodoacetic acid, followed by conversion of free amino groups to 2,4-dinitrophenyl derivatives and HPLC separation and measurement. There are other HPLC methods, including those based on ion pairing and electrochemical detection'" or post column derivatization.Y'J'" Using a post column derivatization method, Michelet et al. determined reference ranges for total and reduced glutathione in whole blood, as well as for reduced GSH in plasma.'!" They observed lower concentrations of whole blood total glutathione in children, as well as recording the effects of such factors as cigarette smoking and physical exercise.
In another recent publication, Richie et al. 11l 2 utilizing a DTNB-enzymatic recycling method, reported that large numbers of specimens could be analysed for whole blood GSH quickly. This method, however, docs not distinguish GSSG from GSH. The absolute detection limit was < 5 pmol, with a mean intra assay CV of 2·3% (no interassay CV was reported). A comparison of venous versus capillary blood indicated no difference.
VITAMINS
Vitamin E
Vitamin E is widely recognized as being one of the most important lipid soluble antioxidants in vivo, although knowledge regarding its chemistry is much more limited. Indeed, vitamin E is a generic term used to describe all the tocopherol and tocotrienol derivatives qualitatively exhibiting the biological activity of the naturally occurring isomer, o-tccophcrol.'?' In addition, the stereochemistry of vitamin E compounds needs to be considered because of the large number of stereoisomcrs.l'f'!" Vitamin E compounds act as antioxidants by donating a hydrogen atom to free radical species, resulting in the formation of a relatively stable vitamin E radical which is then thought to be recycled either by ascorbate or ubiquinol'P" (this book is an excellent introductory text to antioxidants).
Older methods used for vitamin E analysis in biological fluids often involved fluorescence mcasurements.I'" However, such methods were fairly non-specific and were overtaken by HPLC methods in which retinol and ex-tocopherol arc often measured simultaneously. In 1983 an HPLC method was proposed as the selected Antioxidants andfree radical activity 189 method for measurement of the vitamins in serum or plasma.!?" Underlying most of the HPLC methods is the addition of an organic solvent(s) (often containing the internal standard) to the serum or plasma specimen, which aids deproteinization, followed by separation of the organic layer containing the alpha-tocophcrol.l'" 110 In most HPLC methods the organic extract is evaporated to dryness prior to injection, although in the method published by Nierenberg and Lester''" this step is not required. Extract recoveries of ex-tocopherol arc in the order of 95% to 100% and do not appear to be an analytical problem. The separated ex-tocopherol is mainly detected by ultraviolet absorption, although amperometric detection has been used to improve sensitivity resulting in a smaller volume of specimen required.'!" Most published HPLC methods return acceptable figures for inter-batch precision. Between-run coefficients of variation of less than 6% have been published for most of the methods cited.
In some of the methods it is suggested that direct exposure to light should be avoided when handling specimens or standard solutions. Aluminium foil-wrapped containers seem adequate for this purpose. Storage of serum for subsequent ex-tocopherol analyses is best carried out at -70"C with the minimum of freeze-thaw cycles.112-114 Few studies have investigated whether there are differences between ex-tocopherol concentrations in serum and plasma obtained with various anti-coagulants. However, in a study by Nierenberg, lOX recoveries of extocopherol from oxalate, citrate and EDTA plasma were lower than those from serum or heparinized plasma.
Mean serum ex-tocopherol concentrations in a normal adult population have been reported as 30·5 (6'8) fLmol/L, in a study involving 39 adults (19 rnen)!" and as 33·7 (8·19)llmol/L in a study by Sierra et al. 115 in which 46 adults (14 males) were investigated. Seasonal variation may also be important. In a study by Riemersma et al. 116 carried out in 1983-4 in Scotland, plasma concentrations were determined in 394 controls; vitamin E was found to be highest in December and lowest in June (15% difference) with a mean concentration of 24·0Ilmol/L. When reporting these ranges it should be remembered that, in addition to season, there may also be longerterm changes with time; food manufacturers appear to be fortifying increasing numbers of products with vitamin E and dietary habits also change. Such changes in diet, as well as the increasing use of vitamin supplements, mean that 'reference ranges' are likely to change with time. As part of a study carried out in Scotland in 1994, by one of the authors, serum vitamin E levels (measured by HPLC) were recorded in 79 normal subjects (median age 40 years, range 22-73). The median serum vitamin E level was 30'8Ilmol/L, range 17·Q-{)7·6.
Vitamin E status is often expressed after adjustment for serum or plasma lipid concentrations, since vitamin E is transported within the various lipoprotein particles.l'L!"
There is a UK external quality assurance scheme for carotene and vitamins A and E Ascorbic and dehydroascorbic acids Ascorbic acid (vitamin C) is a powerful water soluble reducing agent which is readily and reversibly oxidized to dehydroascorbic acid. Clinical biochemistry has tended to focus on the role ascorbic acid plays in enzymic hydroxylation reactions, including those involved in the synthesis of collagen.'!" Early methods of ascorbic acid analysis in biological fluids were based on fairly non-specific reactions such as ascorbic acid reduction of 2,6-dichloroindophe-no1. 120 In recent years, greater specificity has been achieved with HPLC methods employing ultraviolet, 121123 fluorimetric and electrocherni-caJl21,122,124 detection. However, few HPLC methods have been developed to separate and measure ascorbic and dehydroascorbic acids. Most methods in which ascorbic and dehydroascorbic acids are measured involve the initial determination of ascorbic acid, then dehydroascorbic acid is reduced to ascorbic acid and the measurement repeated,121.124 allowing calculation of the dehydroascorbic acid by difference. Single-step, simultaneous HPLC determination of ascorbic and dehydroascorbic acids is possible using UV and electrochemical detectors in series.'?' However, d~ubts have been expressed as to whether or not dehydroascorbic Ann Clin Biochem 1998: 3S acid is naturally present in serum or plasma.!" Dhariwal et ul. 124 were unable to detect dehydroascorbic acid in plasma and found that samples could be stored for I month at -80"C without loss of ascorbic acid. Upon thawing, however, samples had to be analysed within 30 min to prevent formation of dehydroascorbic acid. Because of the ease of ascorbic acid oxidation, the formation of dehydroascorbic acid in serum or plasma may occur due to sample preparation or in storage.
Temperature and pH are two factors that greatly influence the stability of ascorbic and dehydroascorbic acids. 125 129 Most analytical methods involve acid stabilized serum or plasma, perchloric or metaphosphoric acid being added to the separated serum or plasma immediately following centrifugation. Antioxidants such as glutathione or dithiothreitol have also been added to help prevent degradation. 127.129 Using a fluorimetric assay, Riemersma et al.t": found a mean vitamin C plasma concentration of 35·3 (21'8)llmol/L in 394 male control subjects. A large seasonal variation was observed, with a 48% difference between the highest concentration in August and the lowest in February. In another study in which plasma vitamin C concentrations were measured (by HPLC) in 1077 Finnish men, a mean concentration of 43 (24) fLmol/L was obtained with a similar seasonal variation. iJlI Biochemical indices of vitamin C status include erythrocyte and leucocyte ascorbic acid concentrations which may better reflect tissue ascorbic acid levels than plasma or serum concentrations.l " However, the complex methodology involved with leucocyte measurements results in greater problems with precision and accuracy than that observed with plasma.
Carotenoids
The carotenoids are a large group of compounds which are responsible for many of the colours found in vegetables and fruits. One of the carotenoids most studied in medical research is f~-carotene, a precursor of vitamin A. However, various other carotenoids have been detected and measured in human sera, including z-carotene and p-cryptoxanthin.132.'33 Carotenoids are known to quench singlet oxygen (an excited but non-radical chemical species) which is thought to be involved in photosensitization reactions, and they can also act as antioxidants under certain conditions.!" Interest in the role of individual carotenoids has resulted in a change from determining total carotenoids spectrophotometrically, to resolving and assaying specific carotenoids, mainly by HPLC methods. In addition, such methods often include analyses of retinol and O(-tocopherol. m.133 Post column detection is by a combination of absorbance at UV and visible wavelengths which require variable-wavelength detectors. Interbatch imprecision is usually < 13%, but is dependent upon the specific carotenoid being analysed. It is suggested that samples and standards be protected from direct sun and fluorescent light. 1.1, Tocopherol and retinyl acetates have been employed as internal standards as well as echinenone (4-keto-fJ-carotene).I33·m Carotenoids are unstable if kept for longer than 5-6 months at -20"C. m. Db Different anticoagulants can result in changes in individual carotenoids or fat-soluble vitamin concentrations, and serum or heparinized plasma have been recommended. min a large dietary and nutritional survey of British adults carried out in 1986 and 1987, plasma concentrations of f1-carotene, a-carotene, lycopene and {1cryptoxanthin were detcrrnined.P" The data from this study provides valuable reference information, not only with respect to the carotenoids, but also on O(-tocopherol and 0(tocopherol:cholesterol ratios (Table 4) .
More recently, the stereochemistry of {1carotene in serum has been investigated.!" Such work is technically difficult, and its significance in terms of antioxidant action, is as yet unclear.
ENZYMES
Catalase
Catalase is an enzyme which is present in most cells and which catalyses the decomposition of hydrogen peroxide (H 2 0 2 ) to water and oxygen. Although H 2 0 2 is not a free radical species, it is thought to be involved in the generation of free radicals in the presence of ferrous ions." Catalase activity in erythrocytes is far greater than that found in serurn.P" and may be of greater value as an index of antioxidant activity in tissue. Experimental evidence suggests that erythrocyte and serum catalase are charge isoforms due to a matrix effect of serum. 140 Various methods of measuring erythrocyte and serum catalase activity have been developed in clinical biochemistry. Classically, catalase activity was measured by following H 2 0 2 concentration changes at 240 nm. 141 Other Antioxidants and free radical activity 19I spectrophotometric methods include utilizing coupled enzymes, 142.143 or complex formation between H 2 0 2 and ammonium molybdate.!" Serum and erythrocyte catalase also exhibit peroxidase activity and it is the latter property which has been utilized in the coupled enzyme assays which, additionally, have been automated. Reference ranges and standardization for catalase activity in erythrocytes and serum vary according to the methods and the standard catalase preparations employed. There is disagreement whether there is a gender difference in serum catalase activity, with some studies suggesting no difference,143.145 and others suggesting increased serum concentrations in males.!" In the latter study, serum catalase was also reported to increase with age (742 subjects, aged 14-60 years) although a large study (1836 subjects aged 4 to 97 years) investigating biological variability found erythrocyte catalase activities to be similar in subjects < 65 years 01d. 146
In studies in which the stability of erythrocyte and serum catalase have been examined, results suggest that both EDTA-treated or heparinized whole blood specimens may be analysed up to 24 h after collection but that serum catalase activity is unstable at room temperature (67-4% loss of activity within 3 days), stable at 4°C for 2 days and stable when frozen at -15°C for 'several weeks'. 144 In addition to potential stability problems, interference in catalase assays in serum has been observed with icteric or lipaemic specimens and with haemolysis.r'U'"
Glutathione peroxidase
Glutathione peroxidase (GSH-Px) is present in the cytosol and mitochondria of various tissues and catalyses the oxidation of glutathione and the reduction of hydrogen peroxide or other peroxides. Although erythrocyte and plasma glutathione peroxidases are selenoenzymes, other non-selenium GSH-Px activity is found in human liver cytosol.!" Since selenium is an integral component of erythrocyte and plasma GSH-Px, measurement of the latter has been used as a functional index of selenium deficiency, GSH-Px activity being reduced in selenium deficiency. \4~Many studies investigating free radicals and antioxidants have included direct measurement of selenium. However, GSH-Px in erythrocytes and serum does not account for all of the selenium present. GSH-Px activity present in blood originates from two different selenoproteins found in plasma and erythrocytes respectively. 147.149 Purification of these individual GSH-Pxs may ultimately permit immunoassay development. Currently, however, GSH-Pxs are determined, using activity measurement, with the method of Paglai and Valentine.P? or one of its modifications, being that most commonly employed. This is based on a coupled enzyme assay involving NADPH oxidation, activity being expressed as micromoles ofNADPH oxidized (units) per gram of Hb per minute (for haemolysates) or units per litre (for serum). Several different peroxides have been utilized as substrates in these modified GSH-Px assays, including hydrogen peroxide, cumene hydroperoxide and t-butyl-hydroperoxide. Differing assay conditions have led to variations in the ranges of results.
GSH-Px activity has been measured in various studies utilizing different specimens including erythrocytes.'!' plasma and haemolysate.r" serum and whole blood.P? In the latter study, serum GSH-Px contributed little to the total whole blood GSH-Px activity and, whereas serum GSH-Px activity was stable, that of whole blood was unstable.
Certain biological variables may influence GSH-Px activities. Erythrocyte GSH-Px activity may be higher in females than males, 146 although this is by no means a uniform finding."! Prolonged oral contraceptive steroid use has also been found to be associated with increased erythrocyte GSH-Px activity.'> In addition, age has been investigated as a possible confounding factor in interpreting GSH-Px activities, although no consistent trend has emerged.
It should be noted that other selenium peroxidases, including phospholipid hydroperoxide glutathione peroxidase have been identified. 155 The substrate specificity of the latter enzyme appears to be different from that of GSH-Px, and its physiological role and the significance of its measurement in humans remain to be clarified.
Superoxide dismutase
Superoxide dismutase (SOD) was first reviewed in the Annals 01 Clinical Biochemistry in 1976 by Gutteridge.P" This group of enzymes catalyses the dismutation of the superoxide free radical and anion to hydrogen peroxide and oxygen.
Our knowledge of this group of enzymes has increased considerably since that early review, with three isoenzymes now known to occur in man. Within cells, copper-zinc SOD (Cu-Zn SOD) is present in the cytoplasm and manganese SOD (Mn SOD) is located in the mitochondrial matrix.157.158 Extracellular SOD (EC SOD), a copper and zinc containing glycoprotein (different from Cu-Zn SOD), is the major SOD isoenzyme in extracellular fluids. 159 Assays involving the measurement of SOD activity are classified as either indirect, in which superoxide is generated in the presence of a superoxide scavenging indicator, or direct assays measuring superoxide radical disappearance.
In indirect assays, the SOD present competes with the indicator for superoxide radicals, thus reducing the indicator reaction. Xanthine and xanthine oxidase is probably the most common generating source of superoxide radicals, with numerous different indicator systems being employed, including nitro blue tetrazolium and cytochrome C. These assays are susceptible to interferences, including indicator reduction and indicator reoxidation.l'" Less frequently used are the direct assays, some of which employ spectrophotometric techniques. 161 However, the use of potassium superoxide, an extremely reactive compound utilized in the assay, may prevent such assays from becoming routine in the clinical chemistry laboratory.
Whereas some workers have employed activity measurements, others, notably some Japanese workers, have concentrated on specific immuno assays for all three SOD isoenzymes.l'f 164 Such an approach does allow measurement of each individual SOD isoenzyme in extracellular fluids or haemolysates where more than one SOD isoenzyme exists. Immunoassays are thus more selective than the direct or indirect activity assays, where measures such as pH selection or the use of cyanide to inhibit Cu-Zn SOD are required. However, one potential disadvantage of immunoassay measurement is that not all immunoreactive SOD may be biochemically active. Cu-Zn SOD is susceptible to glycation, thus immunoassay measurement in diabetes could potentially be misleading if glycation reduces catalytic activity.P"
The large numbers of assays, both immunoassay and those based on activity measurement, have resulted in differing units of measurement and difficulties in defining acceptable precision and accuracy criteria. Few pathologies have escaped the application of an SOD assay of one type or another, unfortunately often with little rationale behind the application.
Less attention has been paid to possible biological variables influencing SOD measurements. There appear to be no sex-related differences in Cu-Zn SOD, although some studies have suggested a reduction in SOD activity in adults > 65 years old.!" a finding which, it has been suggested, may be relevant to the free radical theory of ageing.
CAERULOPLASMIN
Caeruloplasmin, the major copper-containing protein in serum, posseses antioxidant activity as well as having an important role in copper transport and utilization in vivo. The antioxidant activity of caeruloplasmin centres on its ferroxidase action, in which Fe(II) ions are oxidized to Fe(III) ions,166,167 which may be important in iron mobilization. Caeruloplasmin, in addition to its ferroxidase activity, has also been found to scavenge the superoxide anion radical stoichiometrically. 168 Recently, multiple forms of human caeruloplasmin have been detected and partially characterized from whole serum.P? The ferro xidase activity of caeruloplasmin, often termed ferroxidase I activity, is believed to account for most of the serum ferroxidase activity.I'" On storage, caeruloplasmin may release copper ions, perhaps as a result of proteolysis and/or oxidative stress.!" This may increase the activity of another azide-resistant ferroxidase (ferroxidase II), associated with lipid, protein and copper II ions. Previous studies, in which ferroxidase activity was not analysed immediately using fresh specimens, probably reported artefactually raised serum ferroxidase II activities.
Quantitative analysis of caeruloplasmin can be carried out using immunologically based assays or using oxidase measurements. Amine substrates for oxidase measurements have included N,N-dimethyl-p-phenylenediamine and dianisidine,172,173 although, since the major antioxidant effect of caeruloplasmin is due to its ferroxidase activity, measurement of such activity would seem preferable. The ferroxidase assay of Johnson et al. is that most commonly employed'?" in those studies in which antioxidant activity is being investigated.
Differences between serum and plasma caeruloplasmin have been detected. When immunoreactive caeruloplasmin and oxidase activities were measured, serum concentrations were slightly greater, but although these were statistically significant they were not thought to be of clinical significance.I"
TOTAL PLASMA ANTIOXIDANT ACTIVITY
In contrast to specific assays for antioxidants, various methods have been devised to measure all the antioxidant activity present in plasma.!" The total peroxyl radical-trapping antioxidant parameter (TRAP) assay has been the most widely applied.!" In this assay the water soluble compound, 2,2' -azo-bis (2-amidinopropane hydrochloride) (ABAP), undergoes thermal decomposition to produce peroxyl radicals. ABAP is added to an oxygen-electrode chamber containing plasma and buffer and the rate of oxygen uptake monitored. The measurement is calibrated using Trolox, a water soluble IXtocopherol analogue.
In an effort to improve upon the TRAP assay, a method has been developed which is reported to be applicable for use on a centrifugal analyser using plasma volumes as low as 3 J.lL. 178 In this assay, 2,2 1-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) is incubated with metmyoglobin (this acts as a peroxidase) and hydrogen peroxide, resulting in the formation of a long-lived radical cation, ABTS +. The presence of an antioxidant (solution or plasma) reduces this radical cation, the concentration of which is measured by absorbance. The assay is calibrated using Trolox. A commercial kit (Randox Laboratories Ltd, County Antrim, UK) is now available for this assay. However, experience in using this assay is limited and its clinical usefulness needs to be assessed, especially since only a global value is obtained which may not reflect changes in individual antioxidants, such as e-tocopherol. Recent work has indicated that the choice of anticoagulant when collecting blood can affect the value obtained. 179 
CONCLUSIONS AND THE FUTURE
Free radical and antioxidant biochemistry is currently fashionable in medical science. Claims that free radicals and antioxidants are involved in disease processes have often been based on measurements using non-specific, insensitive and even at times inappropriate assays. In addition, assay standardization, especially in lipid peroxide measurement, is a goal which is some way off. There is a gulf between initial research findings (often in relatively small numbers of patients) and the application of free radical activity measurements in routine clinical biochemistry. Hopefully these problems can be resolved over the next few years and the entrance of commercial reagent companies into this field may help this process. Unfortunately, the authors' and other colleagues' experience of the commercial kits currently available for lipid peroxide measurement has not been favourable. A useful practical textbook has recently been published which examines some of the methods included in this review, as well as many others.l'" This manual provides various analytical protocols, including details of reagents and equipment required, each chapter having been written by experts in that particular field.
The question most often asked by clinical biochemists interested in starting up a method for measuring free radicals is; 'which is the best?'. There is, however, no single ideal assay. The various methods described above are indirect and often subject to many other influences. Caveat emptor! The choice will depend upon the system or disease process being studied. It is advisable that more than one independent assay system be used so that different assay results complement each other, since this is more likely to produce scientifically correct results and valid conclusions. In our opinion, the combination of assays selected Ann Clin Biochem 1998: 3S should encompass those which are thought to reflect free radical damage to macromolecules, perhaps being a more direct measurement of activity, combined with some measurement of antioxidant status. An excellent example of such an approach was that published by Young et al.,IKI who demonstrated a rise in plasma lipid peroxides following successful thrombolytic therapy for acute myocardial infarction, which was accompanied by reciprocal decreases in (1.tocopherol:cholesterol ratio and retinol.
Of all the methods which have been used in free radical research, lipid peroxide measurement is the one most commonly applied. Our advice, therefore, is that this measurement should be the starting point for most laboratories entering the field, although its problems and disadvantages should not be forgotten. The additional problems of interpreting antioxidant measurements, in terms of free radical activity, should also be noted. Antioxidant measurements may help to delineate susceptibility to free radical attack, but there may not always be a direct relationship with free radical activity. This is an area which requires to be investigated. Of the three antioxidant enzymes reviewed, most activity resides within cells. Thus serum or plasma measurements of these enzymes may not reflect their true participation in the antioxidant defence system. Indeed, their activity in such situations may reflect tissue damage rather than antioxidant capability. Finally, there is a continuing search for improved methods of measuring free radical activity, which is likely to result in new methods for the future. Assays, such as those which involve direct hydroxylation.l'" seem particularly promising. 
